INTRODUCTION
Global fuel demand rises steadily as a result of ever-growing populations and developing economy. The trend in recent years has shown that the amount of conventional crude reserves available worldwide is in decline, which has been offset by the increasing exploitation of heavy crude oils and bitumen. 1, 2 Although the former meet refinery feedstock specification, the latter requires upgrading to meet refinery specifications as well as to increase the yield of fuel fractions. This is because heavy oil and bitumen are characterized by high asphaltene, high viscosity, dense and low API (American Petroleum Institute) gravity, high heteroatom (e.g., sulfur, nitrogen, and oxygen), and metals content (e.g., nickel, iron, and vanadium).
The physicochemical properties of the heavy oil, bitumen or oil sands influence the choice of extraction technology. To this end, thermal enhanced oil recovery techniques such as steam assisted recovery and also in situ combustion is employed. In situ combustion methods involve combustion of a small portion of the oil in place to mobilize the rest through the heat released from the combustion reactions, which reduces the viscosity of the remaining oil and allows it to flow to a producer well. High temperatures up to 450−700°C can be obtained in the reservoir, thereby promoting pyrolysis and in situ upgrading. The catalytic upgrading process in situ (CAPRI) is a technique to boost further the upgrading arising from the pyrolysis of heavy oil. 3 The concept is achieved in conjunction with toe-to-heel air injection (THAI). CAPRI is composed of a layer of catalyst packed into an annulus around the horizontal production well. 4, 5 Extraction and in situ upgrading offers the prospect of both enhancing recovery, and decreasing cost for a surface upgrading facility. In situ catalytic upgrading involves the use of the reservoir as a reactor, which offers cost, energy, and environmental benefits as it utilizes heat energy from in situ combustion to drive the catalysis, most of the impurities such as sulfur, vanadium, iron, and nickel are left behind in the reservoir, thus lowering the environmental footprint and impact on downstream refining processes, and reducing the cost of diluents to improve pipeline transport. 1, 6, 7 The usual configuration of the THAI−CAPRI process involves the packing of pelleted hydrotreating (HDT) catalysts around the perimeter of the horizontal production well. 5 However, in these studies, it was found that the catalyst loses its activity (i.e., deactivates) during reactions due to poisoning of active sites by impurities and blocking of pores induced by coke and metal deposition resulting from cracking of heavy oil. 4, 8, 9 Hence, attention has been shifted toward ultradispersed catalyst prepared in situ or injected as slurry into the reservoir to promote in situ catalysis during the THAI process. This is a once-through process.
Ultradispersed in situ catalytic upgrading has been reported to outperform the augmented catalytic upgrading achieved by incorporating pelleted refinery catalyst to the horizontal production well of the THAI process. 10−12 Using ultrafine particles and pelleted Co−Mo/Al 2 O 3 catalyst at reaction temperature 425°C, the API gravity and viscosity of the produced oil was found to improve by respectively 9°API and 96% viscosity reduction with ultrafine particles compared to 5°A PI and 79% viscosity reduction achieved with pelleted fixed-bed catalyst. 10 Similarly, Ovalles et al. 13 showed that iron dispersed catalyst upgraded Hamaca extra-heavy oil from 500 to 1.3 Pa·s viscosities, 14% sulfur content reduction, and 41% conversion of >500°C fraction relative to the original oil at 420°C, 11 MPa, and a residence time of 1 h using a stirred batch reactor. As the size of particle decreases to nanoscale, its specific surface area increases while the diffusion path length decreases, this improves interaction with macromolecules and cracking reaction. Also, the nanoparticles (NPs) experience lower interparticle distances that increase the probability of active phase interaction with the hydrocarbon molecules.
Compared to HDT catalysts such as Ni−Mo/Al 2 O 3 and Co− Mo/Al 2 O 3 , NPs of iron oxide (Fe 2 O 3 ) are potentially costeffective as the ore hematite (α-Fe 2 O 3 ) is one of the most abundant iron oxide minerals and also nontoxic. 14 Additionally, nanoparticles of iron oxide do not require rigorous and special methods of preparation. Iron NPs can readily be separated using magnetic separation. Adding silica (SiO 2 ) and maghemite (γ-Fe 2 O 3 ) NPs to in situ combustion substantially increases fuel distillates produced and decreases the activation energies of the thermocatalytic conversion of heavy oil. 15 In this study, a comprehensive optimization of the iron dispersed NPs for in situ upgrading during the THAI process was carried out in a stirred batch reactor. Investigations include the effects of reaction temperature, iron metal loading, reaction time, mixing, and initial hydrogen pressure on the extent of upgrading in terms of API gravity increase, viscosity reduction, asphaltene content, sulfur and metals reduction, and true boiling point (TBP) distribution. The impact of these variables on the yields of liquid (i.e., upgraded oil), gas, and coke after reaction was also explored. This optimization is to maximize the upgrading in the produced oil while suppressing coke formation. The Taguchi method was used to analyze statistically the data and optimize the signal-tonoise ratio. 16 2. MATERIALS AND METHODS 2.1. Feedstock and Catalyst. A heavy crude sample was supplied from the Whitesands THAI pilot trial, Conklin, Alberta, Canada by Petrobank Energy and Resources Ltd. The crude oil sample was partially upgraded during the thermal recovery stage of the THAI process and consists of a mixture of partially upgraded crude produced from eight different wells. The chemical and physical properties of the crude sample was measured and presented in Table 1 . The iron(III) oxide (Fe 2 O 3 ) nanoparticles (NPs) used in the experiments were purchased from Sigma-Aldrich, United Kingdom, and their properties are thus: density 5.24 g·cm −3 and particle size less than 50 nm.
2.2. Experimental Apparatus. Studies to determine the effect of reaction factors on heavy oil upgrading as well as optimization of the several reaction factors were carried out in a stirred batch reactor (100 mL capacity, Baskerville UK). The batch reactor enabled the screening of an economical quantity of iron NPs and oil while exercising proper control. Prior to startup, the reactor was pressurized with hydrogen to an initial pressure (i.e., 10, 25, 40, and 50 bar), which increased to about 70 bar when initial hydrogen pressure of 50 bar, with the rising temperature and gas expansion and production due to cracking reactions. The high pressures generated signify that the process is appropriate for reservoir depths greater than 75 m. Once the desired temperature is reached, the appropriate reaction time was allowed. A detailed description of the experimental procedure has been reported elsewhere. 10 The oxide form of the iron nanoparticles is converted to a sulfide form during the reaction because of the sulfur rich heavy feed. 17 2.3. Taguchi Method. The Taguchi method used in this study to optimize the reaction factors has been reported in detail elsewhere. 16, 18 The following variables reaction temperature (°C), H 2 initial pressure (bar), reaction time (min), iron metal loading (wt %), and mixing speed (rpm) were selected as controllable factors, and their levels investigated are shown in Table 2 .
An orthogonal array was formed based on the Taguchi method to generate the number of experiments to examine the effect of different controllable factors, with each factor having a different level. 19 In this study, five controllable factors and four levels were formed (see Table 2 ) and the proper orthogonal array is L16 presented in Table 3 . The details on how to select standard orthogonal array were reported in the literature. 16 The Taguchi method uses the signal-to-noise ratio (S/N) function to obtain the optimum conditions. The (S/N) is the ratio between the desired values of a response variable and the undesired values of a response variable. 20 The three main S/N ratios used for the selection of optimum conditions with their formulae are presented in Table 4 . 20, 23 The (S/N) ratio is used to measure the quality characteristic of deviation from a desired variable and it should always be maximized in order to allow the response variable to approach optimum conditions. 2.4. Data Analysis. On the basis of the Taguchi method, the analysis was conducted in two parts, namely mean response analysis and mean signal-to-noise ratio analysis. As shown in Table 3 , each experiment is a combination of different levels. To identify the main effect of each controllable factor, the Taguchi method suggests calculating the mean value of the measured response variable for the corresponding level setting.
2.5. Analysis of Products. The main products of the upgrading reactions are upgraded oil (i.e., liquid), noncondensable gas, and coke, quantified by mass balance. The mass balances of the two products gas and coke were calculated and reported as a percentage of the mass of oil fed using eq 1. The mass of gas produced was therefore calculated as the mass remaining after subtracting the masses of the upgraded oil and coke fractions in the reactor from the fed mass of THAI feedstock.
where m i is weight of component i.
The following analysis was performed on the collected upgraded oil to quantify the extent of upgrading when compared with the original oil: Advanced rheometer AR 1000 (TA Instruments Ltd., United Kingdom) was used to measure the viscosity, Anton Paar DMA 35 density meter was used to quantify the density and API gravity, and simulated distillation by Agilent 6850N gas chromatography (GC) in line with ASTM D2887 method (the calibration mix of the GC contain hydrocarbons from C 5 to C 40 and also the maximum oven temperature is 280°C, hence the macromolecules such as resins and asphaltenes outside this carbon range cannot be accounted for) was used to obtain the true boiling point (TBP) distribution curve. The GC is fitted with a DB-HT 5 m length, 0.53 mm internal diameter, and 0.15 μm film thicknesses capillary column. It is also incorporated with a programmed temperature vaporization (PTV) injector that rapidly heats the sample to 360°C to vaporize the sample prior to injection into the column. A detailed description of these instruments has been provided by Hart et al. 8 The sulfur and metal contents of the feedstock and the upgraded oil were determined by Warwick Analytical Service, United Kingdom, using inductively coupled plasma-optical emission spectroscopy (ICP-OES). Table 3 were repeated three times. The samples were analyzed and pooled standard deviation were calculated to quantify the variance of the results as follows: coke wt % ±0. 14 
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Where n, number of measured value; y i 2 , measured value; S 2 , standard deviation; y ̅ 2 , mean square of measured value. Analysis of variance (ANOVA) is a statistical technique that is used percentage contribution to determine which variables have a significant influence upon heavy oil upgrading. Details of the ANOVA analysis can be found elsewhere. 22 3.1. Catalyst Activity. Table 5 summarizes the performance of dispersed iron metal oxide (Fe 2 O 3 , size ≤50 nm) at different levels of reaction factors for liquid, gas and coke products.
It is clear from Table 5 (condition b) that dispersed iron metal oxide (Fe 2 O 3 ) has very poor activity. This is because the results were very close to those obtained in the absence of catalyst (i.e., thermal cracking) at 425°C. On the other hand, the catalyst has better activity in terms of inhibiting coke formation, as the coke observed was 60% below the 2.21 wt % coke yield for thermal reaction only. The results are consistent with the literature where similar observations were reported. 24−26 The activation of dispersed catalysts can be achieved in situ due to the sulfidation reaction between the iron NPs and the sulfur contained in the heavy oil to generate active metal sulfide phase. 27 Though not reported here, the analysis of the spent NPs of iron showed pyrrhotite (Fe 1−x S), which is postulated to occur during the heating stage to the reaction temperature. The sulfidation of the iron NPs is also confirmed by the decreased sulfur content of the upgraded oil relative to the feed oil (discussed in Section 3.4). This process can influence the activity of the NPs as well as their upgrading performance. It has been reported that the activation of dispersed catalysts could be improved by carrying out a low reaction temperature step, consisting of catalyst reduction under a flow of hydrogen at milder temperature than the reaction itself, followed by high temperature reaction. 26−29 It was observed from Table 5 that the two-step experiment helped in improving the catalyst activity under more severe conditions (425°C, 60 min) where the coke yield reduced from 12 wt % (thermal cracking) to 6.76 wt % (catalytic). In addition, the middle distillate production was increased to 47 wt % (catalytic) relative to the feedstock containing 28.18 wt %, which is in agreement with the literature. 26, 29 Hence, the addition of iron NPs suppressed coke formation significantly while slightly improving product distribution relative to thermal cracking ( Table 5 , reaction condition c).
Effect of Reaction Factors on Product Distribution.
Heavy oil upgrading is aimed at improving the yield of middle distillate fraction while gas and coke yields are inhibited. 30 The effects of reaction factors on product distribution are graphically The mean of each factor is indicated by a circle, the number next to each circle indicates the factor level, and the percentage contribution is indicated by an asterisk. For details of reaction factors and their levels, see Table 2 . presented (vertical point plot) in Figure 1 . The value of the percentage contribution indicated on the second y-axis shows the extent of influence contributed by the reaction variable on the upgrading. Qualitatively, Figure 1 shows that the formation of coke, light naphtha fraction (IBP: 177°C), middle distillates fraction (177− 343°C), and gases (C 1 −C 4 ) are highly affected by reaction temperature for all factors. The relationships between coke, light naphtha, and gas and reaction temperature are shown in Figure  1a ,c,d, respectively. The coke, light naphtha fraction, and gas formation increases gradually at low reaction temperature Level 1 and 2 (355 and 375°C, respectively). However, the increased rate of mean percentage weight of coke, light naphtha, and gas becomes greater at the high reaction temperature Level 4 (425°C ). The mean percentage weight of coke formation is negligible at Level 1 and Level 2 reaction temperature, and the coke started 31, 32 This is because as the reaction temperature increases, the cleavage of C−C and C−heteroatom bonds increases as well as condensation and polymerization reactions between free-radicals being favored, which are thought to be responsible for the high yield of light naphtha, gas, and coke. 10, 26 The results of experiments carried out at various levels of dispersed catalytic loading, reaction time, initial H 2 pressure, and speed of mixing are graphically presented in Figure 1a −d. It is clear that these factors do not exhibit as much effect as reaction temperature because the cleavage of C−C and C−heteroatom bonds are dependent on temperature. However, the chemistry of hydroconversion reactions can be enhanced by these factors. 30, 33, 34 The produced coke, light naphtha, and gas appears to be inhibited slightly as H 2 initial pressure increased from Level 1 to Level 4 (10−50 bar) as shown in Figure 1a ,c,d. As a consequence, the mean percentage weights of coke ranged from (2.27 to 1 wt %), light naphtha (16.27 to 13.73 wt %), and gas (5.29 to 3.5 wt %). Also, the production of middle distillate remained within a narrow range between 46 to 42 wt % as H 2 initial pressure change from Level 1 to Level 4, as shown in Figure 1b . This observation is consistent with the literature where it has been reported that at moderate reaction pressure (70 bar) the yield of light product and gas is reduced. 35 In other words, the intermediate fraction does not undergo secondary hydrocraking; hence, the produced gas and light fractions are mainly products of hydrocracking of the heavy fraction. In addition, the hydrogenation reaction could be expected to be more active at moderate pressure whereas at high pressure the hydrocracking dominates. 17, 35, 36 In Figure 1a −d, the effect of reaction time is also presented. It is clear that the reaction time does not have as much impact as reaction temperature. However, a long reaction time promotes cracking, secondary cracking of intermediates and more yields of coke, light naphtha, middle distillate, and gas. The mean percentage weights of coke ranged from 1 to 2.2, middle distillate 42 to 46.5 wt %, light naphtha 13 to 16 wt %, and gas 3.5 to 5 wt % as the reaction time increased from Level 1 to Level 4 (20−80 min). The iron metal loading does not exact significant impact on inhibition of formation of coke, light naphtha and gas; however, the middle distillate fraction is stable even in the presence of low iron metal loading (Figure 1a−d) . Notably, an increase in the iron metal loading from Level 1 to Level 3 (i.e., 0.03 to 0.1 wt %) led to a reduction in mean coke (1.5 wt %), light naphtha (1 wt %), and gas (2 wt %) after reaction. In addition, the mean percentage weights of the middle distillate fraction ranged from 42 to 47 wt % as the iron metal loading changed from Level 1 to Level 4. In comparison to supported catalysts, dispersed catalyst particles in heavy oil are less susceptible to deactivation during heavy oil upgrading. Dispersed NPs offer better contact with reactants than the supported pelleted catalysts, which may lead to an increased reaction surface area as well as reduced mass transfer limitations between reactants. 37, 38 As particle size decreases its surface area increases, therefore dispersion offers the usage of the entire surface related to pelleted counterpart. The iron NPs is pure iron oxide; hence the active phase is dispersed on the external surface after sulfidation. The process of stabilizing free radicals should be rapid in the presence of active hydrogenation catalysts to avoid fast and undesirable condensation reactions that would lead to form the mesophase then coke, respectively. 26, 39, 40 The reduced coking observed can be attributed to the nanodispersed iron oxide catalysts and boosts hydrogen uptake during hydro-cracking reactions (see Figure  1a ). This helped to control the rate of free radical propagation via β-scission reactions and subsequently to the conversion of heavy fractions to lighter products are improved. 41, 42 These reaction stages are as follows: initiation:
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propagation:
where M is the parent compound, and R · is the smaller alkyl radical.
On the other hand, it was observed that at Level 4 (0.4 wt %) of iron metal loading the mean of percentage weights for products tended to again increase approximately for coke (1 wt %), gas (1 wt %), and light naphtha (3 wt %). These results show a similar trend in coke formation to dispersed MoS 2 catalyst. 43, 44 However, the activity experienced with MoS 2 is higher compared to Fe 2 O 3 . It was suggested that a high level of active metal sulfide (MoS 2 ) could lead to a high level of hydrogenation that reduces asphaltene stability and promotes coke formation. 40, 43 Energy & Fuels The flow of oil over the dispersed nanoparticles will create some sort of mixing; hence, the effect of agitation upon the level of upgrading achieved was studied. It was observed that the levels of upgrading in terms of product distribution achieved at agitation speed of 200 rpm were 1.8 wt % (coke), 46 wt % (middle distillate), 16.26 wt % (light naphtha), and 3.7 wt % (gas). At 900 rpm mixing speed, the mean percentage weights were 1.9 wt % (coke), 47 wt % (middle distillate), 15.5 wt % (light naphtha), and 4.5 wt % (gas) (Figure 1a−d) . Because the particle size is small dispersion can be achieved with minimal mixing speed; hence, minor changes were observed in the product distribution. These results are consistent with the literature where it has been reported that the yield of produced coke and gas is decreased during hydro-cracking of residue using nickel sulfate and ferrous sulfate as dispersed catalysts at the stirring rate 400−4000 rpm and reaction temperature 430°C. 45 In comparison to noncatalytic (i.e., thermal) upgrading, the yields of coke and gas were reduced to 3.47 and 5.32 wt % respectively, relative to yields of 10.81% (coke) and 8.84% (gas) reported by Luo et al. 45 for thermal upgrading. Luo et al. 45 also reported that the yields of coke ranged from 3.47 to 3.03 wt %, whereas gas ranged from 5.23 to 3.81 wt % as the mixing speeds increased from 500 to 2000 rpm. In addition, the same study showed that yields of both coke and gas decrease slightly with changing loading of dispersed catalysts from 0.01 to 0.06 g·mL −1 .
An important step in the hydrocracking reaction is the saturation of free radicals, which is mainly promoted by hydrogenation catalysts. 46 In addition, the dispersion of catalysts and hydrogen gas could be improved by good mixing. 30, 45, 47 This explains why increased hydrogen pressure, increased iron metal loading, and good mixing suppressed coke and gas formation as well as improving middle distillate production even at high reaction temperatures (see Figure 1a−d) .
Effect of Reaction Factors on Physical
Properties. The API gravity of the crude oil is one important factor for assessing the quality of crude oil. High crude oil viscosity is detrimental for extraction as well as pipeline transport. In addition, the high level of heavy oil upgrading is characterized in physical terms by an increase in the API gravity and when its dynamic viscosity is reduced by few orders of magnitude. 6 The viscosity and API gravity of the crude oil is greatly influenced by its macromolecular weight constituents, such as resins and asphaltenes; chemical composition can also play a major part. Figure 2 shows the effect of reaction factors such as reaction temperature, reaction time, H 2 initial pressure, mixing, and iron metal loading on the produced oil API gravity and viscosity.
It is shown in Figure 2 that the API gravity of the produced oil increased as the reaction temperature increases from Level 1 to Level 4 (355 to 425°C). The API gravity for the produced oil was 19.5°(Level 4) and 13.7°(Level 1), compared to 12.8°for the heavy feed oil. Correspondingly, the produced oil viscosity decreased as the reaction temperature increases (see Figure  2a ,b). These trends in API gravity and viscosity with reaction temperature were expected as similar observations had been reported earlier in the literature. 1 This can be attributed to increased cracking reactions at a higher temperature, which is compounded by a corresponding increase in gas production and coke as the temperature increases. Hart et al. 8 reported a similar effect of temperature on the catalytic cracking of heavy oil.
The significant influence of reaction temperature increase on the API gravity and viscosity can be observed in Figure 2a ,b. An increase in temperature accelerates the rate of the three major reactions occurring in the slurry environment such as (a) freeradical formation from C−C and C−heteroatom bonds cleavage, (b) hydrogen-transfer reactions (i.e., hydrogen-abstraction by C−H bond scissions and hydrogen-addition capping freeradicals), and (c) condensation and polymerization reactions between free-radicals. 1, 42, 48 However, in the absence of active catalysts and at reaction temperature above 420°C, reactions with conditions a and c dominate. As a consequence of these reactions, lighter oil (high yield of light naphtha fraction), gas, and coke were observed. This is reflected in the observed increase in API gravity and decreased oil viscosity. 46 An increased hydrogen pressure increases the availability of hydrogen for hydroconversion reactions, 35, 49 but the oil API gravity and viscosity changes slightly with the initial pressure from Level 1 to Level 4 (10−50 barg). An average increase of 0.85°was observed for API gravity, whereas a change of 75.6 cP was observed in viscosity, respectively (Figure 2a,b) . Hence, initial hydrogen pressure does not achieve as much effect on API gravity and viscosity as reaction temperature. Hart et al. 1 and Elizalde et al. 36 observed a similar effect of hydrogen pressure on Figure 2 . Effect of reaction factors on physical properties (a) mean API gravity (b) mean viscosity. The mean of each of the factors is indicated by a circle and the number next to each circle indicates the factor level, the percentage contribution indicated by an asterisk. For details of reaction factors and their levels, see Table 2 .
Energy & Fuels
Article DOI: 10.1021/acs.energyfuels.5b01451
Energy Fuels 2015, 29, 6306−6316 API gravity and viscosity of the produced oil in fixed bed catalytic upgrading of heavy oil.
In Figure 2a ,b, the effect of reaction time is presented. The API gravity of the produced oil increases from 15.8°to 16.4°API as the reaction time increased from Level 1 to Level 2 (20 to 40 min) and thereafter, the API decreased to 15.8°with further increase in reaction time from Level 3 to Level 4. Though the reaction time does not achieve as much impact as temperature, long reaction time promotes over cracking, secondary cracking of intermediates and a greater yield of coke, which contributed to the trend observed. Also, prolonged reaction time would have promoted condensation and polymerization reactions between free-radicals resulting in the formation of larger molecular weight product, which explains the low API gravity and slightly higher viscosity of the produced oil. The availability of active sites decreases with time as a result of adsorption of resins and asphaltene, coke, and metals deposits (i.e., deactivation of catalyst) and suppresses the performance of the dispersed NP catalyst and contributed also to the observed trend in API gravity and viscosity with reaction time.
It was observed that the value of API gravity decreased from 16.48°to 15.7°as the agitation speed varies from 200 to 900 rpm (Level 1 to Level 4). The viscosity was 747.6 cP at Level 1 (200 rpm) and increased to 847.4 cP at Level 4 (900 rpm). An increase in agitation could lead to enhanced nanoparticle dispersion and contacting of oil-solid within the reaction medium, 50 which will decrease the mass transfer barrier between the solid−liquid−gas and improve upgrading. 30 Nevertheless, an optimum API gravity and viscosity could be reached at agitation speeds from Level 2 to Level 4 (400−900 rpm). This could be attributed to nanosize particles, which required intermediate mixing speed to achieve adequate suspension necessary for reaction. 30, 50 This is within the same range of agitation reported by Hart et al., 10 who found an optimum at 500 rpm.
The iron metal is responsible for hydrogen activation and transfer reactions to moderate produced free radicals from the cracking of heavy molecules. 24 The iron metal loading does not have significant impact on the API gravity and viscosity of the produced oil (see Figure 2a ,b) because it is unsupported (i.e., pure iron oxide) unlike bifunctional catalyst supported on zeolites and alumina promote C−C cleavage due to their acidic sites, rather the iron NPs support hydrogen transfer reactions. This means that lack of acidic site on the iron NPs impede cracking functionality.
Notably, an increase in the iron metal loading from Level 1 to Level 4 (i.e., 0.03 to 0.4 wt %) led to minor changes in API gravity and viscosity of the produced oil after reaction by 0.85°and 55.9 cP, respectively.
3.4. Effect of Reaction Factors on Product Quality. The high content of sulfur and metals (i.e., Ni and V) adversely impact on downstream processes such as catalytic reforming, hydrotreating and the cost of hydrotreatment. Hence, upgrading is also aimed at decreasing the level of impurity to meet refinery feedstock specification. Figure 3 shows the extent of sulfur and metals reduction for the different reaction factors.
From Figure 3a , as the reaction temperature increases from Level 1 to Level 4 (i.e., 355 to 425°C), the extent of hydrodesulfurization (HDS) increases in that order from 4.2 to 26.3%. However, it can be seen that increasing the initial hydrogen pressure does not have any influence on the extent of sulfur removal that was approximately 13.2% for all the range of H 2 initial pressures investigated. The decrease in sulfur content of the produced oil slightly increased from 11.2 to 15.2% as the reaction time increased from Level 1 to Level 4 (20 to 80 min). It was suggested that some of the sulfur in the heavy oil was removed as a result of sulfidation of the iron NPs during reaction and coke deposition. 17 The sulfur content showed an average of 13.2% as the stirring speed increased from Level 1 to Level 4 (200 to 900 rpm) within a standard deviation of ±0.025. Similarly the increase in iron metal loading from Level 1 to Level 4 (0.03 to 0.4 wt %) caused a similar level of sulfur removal (an average of 13.2%) within a standard deviation of ±0.025 in the produced oil relative to the heavy feed oil 3.09 wt %. The above results indicate that the breaking of the C−S bond is largely temperature driven to overcome the bond energy, although the metal loading can influence the interaction with the C−S bond and hydrogen to improve removal. 46 The removal of metals (i.e., Ni+V) was observed to be 7.6% below the 0.0132 wt % of the feed oil, for the ranges of initial hydrogen pressure, metal loading, stirring speed, and reaction time investigated. Increasing these reaction factors did not have a remarkable effect on the extent of Ni+V removal. However, Figure 3 . Effect of reaction factors on product quality (a) mean HDS % (b) mean metal (V+Ni) wt %. The mean of each factors is indicated by a circle and the number next to each circle indicates factor level, with percentage contribution indicated by an asterisk. For details of reaction factors and their levels, see Table 2 . increasing the reaction temperature from Level 1 to Level 4 (355 to 425°C) increased the removal of Ni+V metals from 7.5 to 68.9% below 0.0132 wt % for the heavy feed oil. The removed metals (Ni+V) are deposited on the NPs and with produced coke as metallic sulfides. 17 In reality, the sulfur and metals removed from the heavy oil will be left behind in the oil reservoir during in situ catalytic upgrading. Hydrogen plays two important roles in metals (V+Ni) removal, which are hydrodemetallization (HDM) and hydrogenation. First hydrogen could help in hydrogenating unsaturated hetroatoms containing compounds such as quinolines and olefins and it also participates to hydrocrack cyclic (saturated and unsaturated) compounds, which produces a metal sulfide and an organic counterpart. In general, high hydrogen pressure observed in this study favored both reaction steps. In addition, the influence of hydrogen pressure as well as catalyst loading on product quality could be properly evaluated at low reaction temperature. 40, 51 3.5. Selection of Optimum Factors Levels. Taguchi suggests analyzing the mean of signal-to-noise ratio as well as mean of response in order to identify the effect of process factors and optimum conditions. The optimum factor levels were selected in this section based on Taguchi method by performing ANOVA on both mean signal-to-noise ratio (S/N) and mean of response in addition to percentage contribution of reaction factors (Section 2.3). The level of significance was measured in terms of percentage contribution. 20, 21, 52 The percentage contribution of reaction factors, mean signal-to-noise ratio (S/ N) and mean of response are presented graphically in Figures 4, 5, 6. Reaction factors that have a significant effect on mean signalto-noise ratio (S/N) are classified as control factors. 21, 52, 53 It has been reported to set the level of this factor equal to the optimum level to minimize process variability. 16, 19 Second, to maintain the mean responses on the target value, the Taguchi method suggests using the signal factor. Ideally, the signal factor is the factor that has the most significant effect on mean response with no effect on 
Article the mean S/N of the response. The percentage contribution of the different reaction factors on mean S/N ratio as well as mean of responses can be seen clearly in Figures 4−6 , respectively. 18, 20, 21 It is clear from the results and Figures 4−6 that reaction temperature has the most significant effect on mean S/N ratio; and hence, is the most important control factor. Also, it is evident that reaction temperature has the most significant effect on the mean of all responses. However, iron−metal loading and initial H 2 pressure have a significant effect on middle distillate fraction and gases, respectively. Among the reaction temperature, iron− metal loading and H 2 initial pressure factors, the reaction temperature is the control factor and so it is not suitable as a signal factor. The remaining two factors, iron−metal loading and initial H 2 pressure, have a moderate effect on middle distillate fraction and gas yields and therefore are assigned as signal factors. Other factors, such as reaction time and mixing speed, could be set at an economical level where they have no significant effect on either the mean S/N ratio or mean of response. In this study, the optimum level of the control factor (reaction temperature), as well as signal factors, were selected and tested, and the results presented in Tables 6 and 7 , respectively.
CONCLUSION
A comprehensive optimization study has been made of process variable effects of dispersed nanoparticles of iron oxide during THAI−CAPRI in situ catalytic upgrading of heavy oil, in a stirred batch reactor. The following process variables reaction temper- Figure 5 . Effect of reaction factors on mean signal-to-noise ratio (a) API gravity (larger the better) (b) viscosity (smaller the better). The mean of each factor is indicated by a circle and the number next to each circle indicates factor level, with percentage contribution indicated by an asterisk. For details of reaction factors and their levels and (S/N) ratio calculation, see Tables 2 and 4 . Figure 6 . Effect of reaction factors on mean signal-to-noise ratio (a) HDS % (larger the better) (b) metal (V+Ni) (larger the better). The mean of each factor is indicated by a circle and the number next to each circle indicates factor level, with percentage contribution indicated by an asterisk. For details of reaction factors and their levels and (S/N) ratio calculation, see Tables 2 and 4 . 
